Abstract: Photodynamic inactivation (PDI) has been featured as an effective strategy in the treatment of acute drug-resistant infections. The efficiency of PDI was evaluated against three periodontal pathogenic bacteria that were tested as drug-resistant strains. In vitro studies were performed with four water-soluble cationic Zn(II) phthalocyanines (ZnPc1-4) and irradiation of a specific light source (light-emitting diode, 665 nm) with three doses (15, 36 and 60 J/cm 2 ). The well detectable fluorescence of ZnPcs allowed the cellular imaging, which suggested relatively high uptakes of ZnPcs into bacterial species. Complete photoinactivation was achieved with all studied ZnPc1-4 for Enterococcus faecalis (E. faecalis) at a light dose of 15 J/cm 2 . The photodynamic response was high for Prevotella intermedia (P. intermedia) after the application of 6 μM of ZnPc1 and a light dose of 36 J/cm 2 and for 6 μM of ZnPc2 at 60 J/cm 2 . P. intermedia was inactivated with ZnPc3 (4 log) and ZnPc4 (2 log) with irradiation at an optimal dose of 60 J/cm 2 . Similar photoinactivation results (2 log) were achieved for Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) treated with 6 μM ZnPc1 and ZnPc2 at a light dose of 60 J/cm 2 . The study suggested that PDI with quaternized Zn(II) phthalocyanines and specific light irradiation appears to be a very useful antimicrobial strategy for effective inactivation of drugresistant periodontal pathogens.
Introduction
The pathogenic bacteria associated with periodontitis tends to affect the tooth-supporting tissues, leading to the loss of attachment, bone destruction, and the loss of healthy teeth [1] . The frequency and expansion of this infection is a result of the interactions between periodontopathic bacteria and host immune cells [2] . Periodontitis treatments primarily involve the mechanical removal of plaque and the prescription of anti-inflammatory agents. As expected, the limited access of the applied agents to the pathogenic plaque leads to the development of antibiotic resistance. Presently, the development of new drugs and treatment strategies is a very relevant research topic in the control and treatment of drug-resistant diseases. Drug resistance is a consequence of the excessive use of a variety of existing antibiotics, and bacterial adaptation leads to the lower effectiveness of these antibiotics towards pathogenic microbial species [3] .
Photodynamic inactivation (PDI) is still under development as a promising strategy for the destruction of pathogenic microorganisms without development of resistance. In addition, it can be used as a quick response in case of emergency [4] . The method's features are effective for immunocompromised patients and in cases of persistent life-threatening infections [5] . Presently, the collected expertise suggests that PDI is a useful method and a potential alternative to the currently available antibiotics [6, 7] . The response of the interaction between the harmless photoactive compound (photosensitizer), irradiation with a light spectra from the visible or near-infrared region (630-850 nm) and the surrounding oxygen atmosphere is photocytotoxic for the pathogenic species. The methodology includes light absorption from a photosensitizer that turns into an excited state molecule. The absorbed energy initiates the relaxation of the photosensitizer in its singlet excited state through radiation transition by fluorescence emission, which is a useful tool for photodiagnosis and imaging. However, the most probable way for energy loss is nonradiative transition with the formation of the photosensitizer in the triplet excited state, which is a long-lived species and can participate in a variety of photochemical reactions [8] . The reactive oxygen species and the singlet oxygen, which can be produced in the vicinity of the incubated microbial species, are responsible for the loss of activity in bacterial pathogens [9] .
Phthalocyanine complexes (MPcs) have been intensively studied as second-generation PDT agents [10] . It is possible that the number of structural modifications can affect the solubility and the uptake property of the hydrophobic MPc molecules. One approach for the improvement of solubility is quaternization of pyridyl group of substituents [11] . The known quaternized MPcs are easily taken by the cells because of the positive charge of the substituents and good solubility [12, 13] .
The studied bacterial strain Aggregatibacter actinomycetemcomitans is characterized as an oral bacterium that is responsible for several forms of periodontal disease in humans [14] . Periodontal disease is an urgent situation that needs to be acted on immediately to prevent the progression of infection. Modern approaches such as antimicrobial PDT have features as effective in the photoinactivation of pathogens associated with periodontal disease. A. actinomycetemcomitans is a microaerophilic Gram-negative pathogenic bacterium that colonizes the human oral cavity [15] . This bacterium is the causative agent related to aggressive periodontitis and it is able to secrete leukotoxin, which helps to evade the host immune response during infection. The Gram-negative Prevotella intermedia is an anaerobic pathogenic bacterium involved in periodontal infections, including gingivitis and periodontitis, and is often found in acute necrotizing ulcerative gingivitis [16] . It is commonly isolated from dental abscesses, where obligated anaerobes predominate. Enterococcus faecalis is a Gram-positive pathogenic bacterium which is very often found in the tooth caries of patients; it survives and grows within the dentinal tubules and reinfects an obturated root canal. The bacterium E. faecalis has been associated with a wide range of human infections, among which is persistent endodontic infection in humans. Furthermore, it can produce rapidly in the biofilms of anatomic sites that are highly resistant to conventional treatment strategies [17] .
The study presents the PDI on three pathogenic bacterial strains of importance to dental health, which were treated with four quaternized phthalocyanine zinc complexes (ZnPc1-4) by irradiation with light-emitting diode (LED) 665 nm at gentle in vitro protocol. Two strains of Gram-negative bacteria (A. actinomycetemcomitans and P. intermedia) and one strain of the Gram-positive bacterium E. faecalis were studied for their drug resistance. The uptake potential of ZnPc1-4 in bacterial suspensions and their localization in the early stage (48 h) biofilms were evaluated. The efficacy of PDI toward the drug-resistant bacterial species was evaluated with four quaternized ZnPc1-4 and red LED.
Materials and methods

Phthalocyanines and other chemicals
Four water-soluble Zn(II)-phthalocyanine complexes, the structures of which are shown in Scheme 1, were studied as photosensitizers for PDI. The synthesis of tetra-methylpyridyloxy-substituted Zn(II) phthalocyanine (ZnPc1) has been described previously [18] . The synthesis of mercaptopyridine-substituted Zn(II) phthalocyanines with four (ZnPc2, ZnPc3) and eight groups (ZnPc4) was described in the literature [19, 20] . The stock solutions (1 mM) of four ZnPcs were prepared in dimethylsulfoxide of spectroscopic grade (Sigma-Aldrich) and were stored in a dark and cool place. The assessment of the ZnPc1-4 concentration was performed by using the Lambert-Beer equation. Before the experiments, dilutions were prepared in sterile 0.01 M phosphate-buffered saline (PBS). All solvents and fine chemicals were supplied by Sigma-Aldrich and Fluka (FOT, Sofia, Bulgaria).
Equipment
UV/visible spectra ( Figure 1 ) were recorded with a Perkin-Elmer Lambda 25 UV/vis spectrometer (Switzerland). The results show the overlapping irradiation spectra of the applied LED at 665 nm (ELO Ltd., Sofia, Bulgaria) used for in vitro study. The irradiation source with a power density of 100 mW/cm 2 , distance of 10 cm, and a total irradiation area of 25 cm 2 was used. The uptake was carried out by excitation with an LED at 637 nm (ELO Ltd., Sofia, Bulgaria). The power density was controlled with a photo meter (Spectra Physics, USA). A confocal laser scanning microscope from Leica Microsystems (Leica TCS SPE, Mannheim, Germany) equipped with Leica LAS AF software (Mannheim, Germany) was used.
Bacterial species
Enterococcus faecalis from the collection of the Institute of Microbiology (Sofia, Bulgaria), Bulgarian Academy of Sciences, was used. The incubation was carried out in aerobic conditions (37 °C) for 48 h on Trypticase ® Soy agar solid medium with 0.5% yeast extract.
A. actinomycetemcomitans from the collection of the Institute of Microbiology (Sofia, Bulgaria), Bulgarian Academy of Sciences, was used in the experiments. The bacterial cells were incubated in microaerophilic conditions (5% CO 2 at 37 °C for 48 h on solid medium of Trypticase ® Soy agar with 0.5% yeast extract). The bacterial suspensions were diluted to the required cell densities for the experiments. P. intermedia used in this study was strain 20706 from the collection of the DSMZ, Germany, and it is referred to as the same strain from ATCC 25611 (USA).
The incubation time of 48 h was carried out in anaerobic conditions (Becton Dickinson GasPak ™ EZ Anaerobe Container System) at 37 °C on solid Columbia Blood Medium on Columbia agar base, supplemented with 5% defibrinated sheep blood. Before the experiments, the cells were harvested with sterile PBS buffer. The cell density was controlled photometrically at 600 nm, where optical density of 0.490 corresponds to 10 9 cells per milliliter.
Uptake and localization study
The suspensions with different cell densities for the tested strains of P. intermedia, A. actinomycetemcomitans, and E. faecalis (10 incubation time the collected supernatants were stored for fluorescence study. The cell sediments were washed twice with PBS. The collected supernatants were also stored for fluorescent measurements. The recorded spectral range of 650-800 nm at excitation with a LED 637 nm is typical for phthalocyanines. The cell sediments were resuspended in the extraction mixture of THF: aqueous 2% SDS (1:9). After 30 min of extraction, the samples were centrifuged and the collected solutions were measured. The results were calculated as the number of dye molecules per one bacterial cell by processing the obtained intensities at maximum fluorescence and referring to the recorded calibration curves for each phthalocyanine ZnPc1-4. The emission spectra were analyzed using the computer program Origin 8.0 (Microcal Software, Inc., Northampton, MA, USA).
The localizations of ZnPc1-4 were studied for A. actino mycetemcomitans and E. faecalis bacterial biofilms formed for 48 h on coverslips by the means of confocal laser scanning microscope. The experimental conditions for confocal fluorescence study were arranged according to the published conditions [21] . Briefly, the biofilms were incubated with 6 μM ZnPc1-4 for 1.5 h in the dark. The washed biofilms were placed on the microscope. The oil immersion of 63× objective (NA = 1.23) was used and slices at 0.100 μm were observed in fluorescence mode. The typical spectra of fluorescence emission of ZnPcs in cells was observed by using the spectral range exc: 633 nm; em: 660-740 nm. The transmittance channel was also used to characterize the formed biofilms.
In vitro PDI
The samples of diluted microbial suspensions with constant cell density (~10 7 CFU mL −1
) were incubated with ZnPc 1-4 to a final concentration of 6.0 μM. The time of 20 min was chosen as optimal for incubation before the treatment. The irradiation was performed on suspensions (200 μL) placed in a standard 96-well polystyrene microtiter plate. Four groups of samples with microbial cells were collected: (1) light control -without ZnPc1-4, but illuminated; (2) dark control -with ZnPc1-4, but no light (dark toxicity); (3) only cells -only bacterial suspension (without ZnPc1-4 and light); and (4) ZnPcs and light-treated groups. Irradiation with LED 665 nm with the parameters described above was applied. Then, 0.1 mL samples were taken off and serially diluted (10-fold) with PBS. Aliquots (0.025 mL) were spread over Trypticase ® Soy agar with 0.5% yeast extract. The results are presented as the number of colony-forming units (CFU) of microbes grown for 48 h of incubation (37 °C in 5% CO 2 ) on agar plates.
Statistics
The experiments were carried out in triplicate. The data are presented as a mean value ± standard deviation (SD) and the difference between two means was compared by an unpaired Student's test. p < 0.05 was considered significant for the calculated values.
Results
Drug resistance of pathogenic bacteria
The tests for E. faecalis showed drug resistance against aminoglycosides (amikacin, gentamicin, kanamycin, and tobramycin); polypeptide antibiotics (bacitracin) and penicillins (amoxicillin and penicillin). Sensitivity was observed for the following groups of antibiotics: cephalosporins (ceftriaxone); glycopeptide antibiotic (vancomycin); tetracycline (doxycycline); sulfonamide (sulfamethoxazole and trimethoprim), and crinoline (ciprofloxacine and norfloxacine). P. intermedia strain was evaluated for drug resistance against cephalosporins (ceftriaxone), polypeptide antibiotic (bacitracin), glycopeptide antibiotic (vancomycin), and penicillins (amoxicillin and penicillin). The results suggested sensitivity to the following groups of antibiotics: aminoglycosides (amikacin, gentamicin, kanamycin, and tobramycin), tetracycline (doxycycline), sulfonamide (sulfamethoxazole and trimethoprim), and crinoline (ciprofloxacine and norfloxacine). A. actinomycetemcomitans studied for tetracycline (4 μg/mL), penicillin (0.06 μg/mL), metronidazole (8 μg/mL), erythromycin (0.06 μg/mL), meropenem (2 μg/mL), and clindamycin (8 μg/mL) showed the minimum inhibitory concentration, which was described previously [22] .
Uptake and localization of Zn(II) phthalocyanines
The uptakes and localization ability of four Zn(II) phthalo cyanines with water solubility and bearing cationic charges were studied toward three bacterial strains associated with dental pathology. The study involves the chemical extraction of ZnPc1-4 from the bacterial suspensions with different cell densities. Fluorescence spectroscopy is a very sensitive method allowing the detection of traces of ZnPcs. The uptakes in suspensions with densities between 10 5 and 10 8 CFU/mL of A. actinomycetemcomitans, E. faecalis, and P. intermedia are presented in Figure 2A -C. The values of uptakes showed a marked inverse dependence on cell density. When the cell density was reduced 10-fold, the uptake increased approximately 10-fold for each ZnPc1-4. The highest uptakes were observed for octa-and nonperipheral tetra-substituted mercaptopyridine ZnPc3 and ZnPc4. A. actinomycetemcomitans and E. faecalis showed the highest accumulation of ZnPc4. Considering the structure of the studied compounds, the nonperipherally substituted ZnPc3 has the highest amount of uptake as compared with both peripherally substituted ZnPc1 and ZnPc2.
The capability of confocal microscopy was used to characterize the uptake of ZnPc1-4 into bacterial biofilms of the studied species. The fluorescence emission of the studied ZnPc1-4 was evaluated versus the native fluorescence of the bacterial species ( Figure 3A bacterial biofilms. The fluorescence emissions of the control samples without ZnPc1 (green) were recorded for exc: 488 nm and em: 520-580 nm to characterize the formed biofilms. The formed E. faecalis biofilms were characterized with more homogenous growth and thicknesses of approximately 9-11 μm ( Figure 3A) . A different growth pattern was observed for biofilms of A. actinomycetemcomitans, which showed island-shaped biofilms, with a thicknesses between 6 and 13 μm ( Figure 3B ). The fluorescence emission of ZnPc1 was obtained upon excitation with a laser at 633 nm and for the spectral region 660-740 nm (red). The overlapping images of biofilms with ZnPc1 and controls without dye show full penetration and complete colocalization.
Efficiency of PDI
The PDI of A. actinomycetemcomitans, P. intermedia, and E. faecalis (10 7 CFU/mL) was studied by irradiation with LED 665 nm at three different light doses ( Figure 4A -C).
Full inactivation was observed for P. intermedia after treatment with ZnPc1 at a light dose of 36 J/cm 2 and with ZnPc2 at 60 J/cm 2 . A high photodynamic response was achieved with ZnPc1 at a dose as low as 15 J/cm 2 for the strain E. faecalis. In vitro studies showed a lack of dark and light toxicities in all the control groups for ZnPc1-4 at irradiation with light doses of 15, 36 and 60 J/cm
2 . An exception is ZnPc1 with the negligible dark toxicity observed for E. faecalis (<0.5 log decrease of viable cells). A. actinomycetemcomitans was less susceptible to PDI at the applied treatment protocol. Among the studied ZnPc1-4, only ZnPc1 was effective in inactivating A. actinomycetemcomitans (3 log) at a light dose of 36 J/cm 2 . Partial photoinactivation (~2 log) was observed after incubation with ZnPc2 for the studied pathogenic bacteria. In vitro studies showed that the periodontal pathogens A. actinomycetemcomitans and E. faecalis are efficiently eradicated by PDI, both in aqueous suspension as well as for biofilms.
Discussion
The observation of an inverse reliance on the number of photosensitizer molecules on the cell density was reported before for Escherichia coli [23] . The same behavior was observed for the other bacterial species studied in suspensions (Figure 2A-C) . The phenomenon of a decrease in the number of phthalocyanine molecules with the increase of the cell density was determined for the pathogenic species Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans, and Aeromonas hydrophila [24, 25] . The uptake property is strongly influenced by the hydrophobicity and molecule charge [26] . The cationic photosensitizers are more easily penetrated through the membrane bilayers of the Gram-positive bacteria as well as for the more complicated membrane of the Gram-negative bacteria [27] . The hydrophobicity of the applied photosensitizer is also of importance, as suggested by our study with ZnPcs with different hydrocarbon chains in the pyridyloxy-group on A. hydrophilla [25] . Considering that the binding process occurs through an electrostatic mechanism of interaction, the positively charged molecules can accumulate in high amounts in the cells (Figure 3A and B) . The studied phthalocyanines (ZnPc1-4) are water-soluble and cationic dyes, which are the structural preconditions to accumulate in bacteria and biofilm sufficiently. The dipole moment of the applied photosensitizer can influence the permeability of the membranes as was shown for the mono-substituted ZnPc molecules evaluated with better uptake for cells [12] . However, in rare cases, the photodynamic effect has no correlation with the uptake efficiency as was shown for mono-and tetra-substituted indium (IV) phthalocyanines [13] .
The exposure of different periodontopathogenic bacteria (P. intermedia, A. actinomycetemcomitans and E. faecalis) to 665 nm diode laser with power output of 100 mW in the presence of toluidine blue-O (TBO) as photosensitizer resulted in a dose-dependent decrease of viable bacterial strains [28] . PDT with TBO as a photosensitizer provided a remarkable decrease of periodontal pathogens without damaging the host's tissues [29] . The Gram-negative microaerophilic bacterium A. actinomycetemcomitans, which has been associated with severe forms of periodontitis, was studied for susceptibility to PDI with phthalocyanines. The periodontal microorganisms were treated with Al(III) and Pd(II) phthalocyanines in comparison to photodynamically effective ZnPc1 for PDI of planktonic and biofilm cultures of A. actinomycetemcomitans [30] . Several studies have shown that periodontal bacteria are susceptible to photodynamic therapy in planktonic cultures using methylene blue and TBO [31] . The planktonic cultures of bacterial species are known to be more susceptible to PDI than the grown biofilms [29] [30] [31] . This improved effect was achieved with the four complexes of ZnPc1-4 that were studied in bacterial suspensions ( Figure 4A-C) but there was negligible inactivation efficacy for biofilms. Only the inactivation with ZnPc1 has a great potential for the treatment of bacterial biofilms associated with dental infections. It can be concluded that PDI with water-soluble phthalocyanines could be an effective emergency method for successful inactivation of periodontopathic bacteria with persistent inflammations.
Conclusions
The drug-resistant periodontopathogens E. faecalis, P. intermedia, and A. actinomycetemcomitans showed susceptibility to PDI with four quaternized cationic Zn(II) phthalocyanines (ZnPc1-4) and specific red light. Relatively high uptakes were determined for bacterial cells in suspensions. The detectable fluorescence of the bacterial biofilms was observed for ZnPc1. Two peripherally substituted ZnPc1 and ZnPc2 were evaluated with higher accumulation than the nonperipherally substituted ZnPc3 and the octa-substituted ZnPc4. The applied ZnPc1-4 concentrations versus irradiation regimes suggested that optimal drug-light conditions could sufficiently inactivate E. faecalis and P. intermedia. However, A. actinomycetemcomitans showed low efficiency to the applied PDI protocol.
